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RIG-I-like receptors (RLRs) sense virus-derived RNA
or polyinosinic-polycytidylic acid (poly IC) to exert
antiviral immune responses. Here, we examine the
mechanisms underlying the adjuvant effects of poly
IC. Poly IC was taken up by dendritic cells (DCs),
and it induced lysosomal destabilization, which,
in turn, activated an RLR-dependent signaling
pathway. Upon poly IC stimulation, cathepsin D
was released into the cytoplasm from the lysosome
to interact with IPS-1, an adaptor molecule for
RLRs. This interaction facilitated cathepsin D cleav-
age of caspase 8 and the activation of the transcrip-
tion factor NF-kB, resulting in enhanced cytokine
production. Further recruitment of the kinase RIP-1
to this complex initiated the necroptosis of a small
number of DCs. HMGB1 released by dying cells
enhanced IFN-b production in concert with poly IC.
Collectively, these findings suggest that cathepsin
D-triggered, IPS-1-dependent necroptosis is a
mechanism that propagates the adjuvant efficacy
of poly IC.
INTRODUCTION
The innate immune response to pathogen infection is initiated by
the recognition of pathogen-derived components through
pattern-recognition receptors (PRRs) (Elinav et al., 2011; Kawai
and Akira, 2011; Loo and Gale, 2011; Osorio and Reis e Sousa,
2011). Signaling through PRRs culminates in the induction of an
array of cytokines that are important for the initial elimination of
infected pathogens and the subsequent development of adap-
tive immunity. Double-stranded RNA (dsRNA), a byproduct of
viral replication, or a synthetic analog of dsRNA, polyinosinic-polycytidylic acid (poly IC), is recognized by at least two types
of PRRs: RIG-I-like receptors (RLRs; RIG-I and MDA5) and
toll-like receptor 3 (TLR3) (Kawai and Akira, 2011; Loo and
Gale, 2011; Yoneyama and Fujita, 2010). RLRs are localized in
the cytoplasm and recognize RNA derived from different species
of viruses. They initiate signaling through the recruitment of an
adaptor, IPS-1 (also known as MAVS, Cardif, or VISA) (Kawai
et al., 2005; Loo and Gale, 2011; Yoneyama and Fujita, 2010).
Further recruitment of adaptor and enzymatic proteins, including
TRADD, FADD, RIP-1, caspase 8, TRAF proteins, IKKa and IKKb,
and TBK1-IKKi to IPS-1, has been implicated in the activation of
the transcription factors IRF3 and NF-kB for the induction of type
I IFN and inflammatory cytokines, respectively (Ireton and
Gale, 2011; Yoneyama and Fujita, 2010). TLR3 is exclusively
expressed in the endoplasmic reticulum in the unstimulated con-
dition and delivered to endosomes, where it recognizes dsRNA
and engages with the adaptor TRIF, which further activates
IRF3 and NF-kB (Barton and Kagan, 2009; Blasius and Beutler,
2010).
Accumulating evidence has demonstrated that pathogen
infection triggers various types of cell death, such as apoptosis,
necrosis, or pyroptosis, which also contribute to the elimination
of infected pathogens and the driving of innate and adaptive
immune responses (Lamkanfi and Dixit, 2010; Miao et al.,
2011; Yatim and Albert, 2011). Recent studies have revealed
that host cells also die through necroptosis (programmed necro-
sis), which has features similar to necrosis (Cho et al., 2009;
Galluzzi and Kroemer, 2008; Vandenabeele et al., 2010b). Nec-
roptosis is defined by the activation of signaling components
containing the kinases RIP-1 and RIP-3 and is triggered by a
number of stimuli, including TNF, DNA damage, and virus infec-
tion (Declercq et al., 2009; Mocarski et al., 2012; Vandenabeele
et al., 2010a). Cellular constituents released as a consequence of
the cellular demise promote or enhance inflammation (Vandena-
beele et al., 2010b). These molecules include nucleic acids,
mitochondrial factors, heat-shock proteins, uric acid, ATP,
degradation products of extracellular matrix proteins, and
high-mobility group box 1 (HMGB1) and can be recognized byImmunity 38, 717–728, April 18, 2013 ª2013 Elsevier Inc. 717
Figure 1. Poly IC Stimulation Induces IPS-1-Dependent Release of Cytokines in cDCs
(A and B) GM-DCs (A) or CD11bhiCD24lo and CD11bloCD24hi cDCs (B) derived from wild-type (WT) or IPS-1-deficient (KO) mice were stimulated with 50 (A) or
75 mg/ml (A and B) poly IC (pIC) (without transfection) or 100 ng/ml LPS (A). After 24 hr, the concentrations of the indicated cytokines in the culture supernatants
were measured by ELISA. Med, medium.
(C) WT or KOmice were intravenously injected with poly IC (100 mg/head) for 2 hr. CD8a and CD8a+ cDCs were separated from their spleens. Total isolated RNA
was subjected to quantitative PCR analyses for the expression of Ifnb1 (IFN-b mRNA) and Il12b (IL-12p40 mRNA).
(D) GM-DCs or CD11bhiCD24lo cDCs derived fromWT or KOmice were cocultured with CD4+ T cells derived from OT-II mice in the presence of OVA and poly IC
or 1 mM CpG ODN for 4 days and analyzed for IFN-g production by ELISA. Data represent mean ± SD (n = 3) (A–D).
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Cathepsin D and IPS-1 Mediate Cell Death of DCsPRRs (Bianchi, 2007; Kono and Rock, 2008; Krysko et al., 2011;
Rubartelli and Lotze, 2007; Sims et al., 2010). Thus, it is possible
that these endogenous molecules function as ‘‘endogenous
adjuvants’’ that boost innate and adaptive immunity.
Here, we found that necroptosis of a small number of DCs is a
prerequisite for the adjuvanticity of poly IC. This cell death is
controlled by a signaling complex involving IPS-1 and RIP-1 as
well as cathepsin D, which is leaked into the cytoplasm through
lysosome rupture upon poly IC uptake. Furthermore, the activa-
tion of this pathway results in the release of HMGB1, which
potentiates immune responses in concert with poly IC.
RESULTS
IPS-1 Is Required for Poly IC-Induced Cytokine
Production in Conventional DCs
We prepared GM-CSF-induced bone marrow DCs (GM-DCs)
and examined their cytokine production after poly IC stimulation.
Production of IFN-b and IL-6 after poly IC treatment was severely
reduced in IPS-1-deficient GM-DCs, whereas LPS-induced IL-6
production was not affected (Figure 1A). Poly IC-induced IRF3
phosphorylation was also impaired in IPS-1-deficient GM-DCs
(Figure S1A available online). Flt3 ligand-induced bone marrow
DCs (FL-DCs) contain different subsets of DCs; namely,
B220+CD11b plasmacytoid DCs (pDCs) and B220CD11b+
conventional DCs (cDCs) (Figure S1B, left). It was shown that
pDCs fail to produce IFN-b in response to poly IC, suggesting
that cDCs are the source of IFN-b upon poly IC stimulation
(Honda et al., 2005). The cDCswere further divided into two pop-718 Immunity 38, 717–728, April 18, 2013 ª2013 Elsevier Inc.ulations of CD11bhiCD24lo and CD11bloCD24hi cells (Figure S1B,
right). CD11bloCD24hi DCswere shown to express CD8a (Jelinek
et al., 2011) and also TLR3 (Figure S1C). We investigated the
cytokine production in these two populations and found that
poly IC-induced IFN-b production was severely reduced in
IPS-1-deficient CD11bhiCD24lo cells but comparable between
wild-type (WT) and IPS-1-deficient CD11bloCD24hi DCs (Fig-
ure 1B, left). IL-12p40 production was markedly decreased in
IPS-1-deficient CD11bhiCD24lo DCs in comparison to WT cells
but was unimpaired in IPS-1-deficient CD11bloCD24hi DCs (Fig-
ure 1B, right). In contrast, the production of IFN-b and IL-12p40
was impaired in CD11bloCD24hi DCs cells prepared from TLR3-
and TRIF-deficient mice (Figure S1D). Then, we injected poly IC
into mice and measured cytokine messenger RNA (mRNA)
expression in splenic CD8a+ and CD8a DCs. The IFN-b
mRNA expression was significantly reduced in IPS-1-deficient
CD8a DCs in comparison to WT cells but was comparable
between WT and IPS-1-deficient CD8a+ DCs (Figure 1C). The
induction of IL-12p40 mRNA was largely dependent on CD8a+
DCs rather than CD8a DCs (Figure 1C). Thus, an IPS-1-depen-
dent pathway contributes to the poly IC-induced IFN-b produc-
tion by CD8a DCs.
Next, we addressedwhether the activation of an IPS-1-depen-
dent pathway in GM-DCs regulates efficient T cell responses.
GM-DCs from control and IPS-1-deficient mice loaded with
OVA were stimulated with poly IC or CpG DNA (TLR9 ligand),
and IFN-g production was measured after coculture with splenic
CD4+ T cells from OT-II mice. IPS-1-deficient GM-DCs treated
with poly IC showed reduced IFN-g production (Figure 1D,
Figure 2. Incorporation of Poly IC Is Required for IPS-1-Dependent Cytokine Production in GM-DCs
(A) GM-DCs pretreated with 3 mM Cytochalasin D (Cyt D) were stimulated with poly IC or LPS for 24 hr and analyzed for IFN-b and IL-6 production by ELISA.
(B) WT or KO GM-DCs were stimulated with poly IC for the indicated periods. Cell lysates were blotted with phosphorylated-Syk or Syk antibody.
(C) GM-DCs pretreated with 10 mg/ml piceatannol (Pice) were stimulated with poly IC for 24 hr and analyzed for IFN-b and IL-6 production by ELISA. Data
represent mean ± SD (n = 3) (A and C).
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Cathepsin D and IPS-1 Mediate Cell Death of DCsleft). In contrast, IFN-g production was comparable between
control and IPS-1-deficient GM-DCs treated with CpGDNA (Fig-
ure 1D, left). Similarly, IFN-g production induced by poly IC was
decreased in CD11bhiCD24lo DCs derived from IPS-1-deficient
mice in comparison to DCs from control mice (Figure 1D,
right). Then, we examined the CTL responses. GM-DCs or
CD11bloCD24hi DCs prepared from control and IPS-1-deficient
mice were treated with OVA and poly IC or CpG DNA and cocul-
tured with splenic CD8+ T cells from OT-I mice. However, IPS-1
deficiency did not influence IFN-g production (Figure S1E).
These findings suggest that an IPS-1-dependent pathway in
GM-DCs and CD11bhiCD24lo DCs is important for mounting T
helper1 (Th1) cell responses that are enhanced by poly IC
stimulation.
It has been shown that RIG-I and MDA5 recognize different
types of poly IC, in that RIG-I and MDA5 recognize short and
long poly IC, respectively (Kato et al., 2008). We found that
GM-DCs responded to long poly IC, but not to short poly IC,
in the absence of transfection reagents to induce IFN-b,
whereas they responded to both types of poly IC in the presence
of transfection reagents (Figure S1F). These findings suggest
that long poly IC activates GM-DCs more strongly than short
poly IC.Poly IC Internalization Is Required for the Activation of
the IPS-1-Dependent Pathway
It has been thought that the forced delivery of poly IC to the cyto-
plasm by transfection reagents is required for the activation of
RLRs (Yoneyama and Fujita, 2010). However, it is noteworthy
that transfection was not required for the activation of the IPS-
1-dependent pathway in GM-DCs and CD11bhiCD24lo DCs,
suggesting that these DCs have mechanisms to transport
extracellular poly IC to the cytoplasm where RLR-mediated
recognition occurs. In this regard, we pretreated GM-DCs with
cytochalasin D, an inhibitor of actin polymerization, and stimu-
lated the cells with poly IC to examine cytokine production. Cyto-
chalasin D treatment decreased poly IC-induced production of
IFN-b and IL-6 but did not influence LPS-induced IL-6 produc-
tion (Figure 2A). Thus, the internalization of poly IC is required
for the activation of the IPS-1-dependent pathway in GM-DCs.
Previous studies have indicated that Syk is involved in poly IC-
mediated responses (Lin et al., 2010). Moreover, Syk activation
has been implicated in the regulation of the phagocytosis of
numerous pathogen components, including b-glucan and lipo-
polysaccharides (LPS) (Mo´csai et al., 2010; Tohyama and Yama-
mura, 2009). We found that poly IC stimulation increased Syk
phosphorylation in both control and IPS-1-deficient GM-DCsImmunity 38, 717–728, April 18, 2013 ª2013 Elsevier Inc. 719
Figure 3. Poly IC Stimulation Induces Loss of Lysosome Integrity
(A) GM-DCs stimulated with rhodamine-labeled poly IC for the indicated periods were stained with LAMP1 antibody. The cells were analyzed bymicroscopy. The
scale bar represents 2 mm.
(B) WT or KO GM-DCs were stained with acridine orange and stimulated with poly IC. After 8 hr, the red fluorescent cells were counted by flow cytometry. The
numbers above the bracketed lines indicate the percentages of cells with loss of a lysosomal staining with acridine orange.
(C) GM-DCs pretreated with 100 nM bafilomycin A-1 (BAF) were stimulated with poly IC or LPS for 24 hr and analyzed for IFN-b and IL-6 production by ELISA.
Data represent mean ± SD (n = 3).
(D) GM-DCs pretreatedwith piceatannol were stained with acridine orange and stimulated with poly IC. The red fluorescent cells were counted by flow cytometry.
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Cathepsin D and IPS-1 Mediate Cell Death of DCs(Figure 2B) and treatment with piceatannol, an inhibitor of Syk,
abrogated IFN-b and IL-6 production induced by poly IC (Fig-
ure 2C). Thus, poly IC-induced Syk activation, which occurs
upstream of IPS-1, is responsible for poly IC-induced cytokine
production.
Poly IC-Induced Lysosomal Destabilization Mediates
Activation of the IPS-1-Dependent Pathway
To understand the mechanisms by which poly IC activates the
IPS-1-dependent pathway in DCs, we determined the cellular
localization of poly IC. Rhodamine-labeled poly IC was colocal-
ized with LAMP1, a lysosomemarker, in GM-DCs after treatment
for 2 hr. However, colocalization of poly IC and LAMP1+ vesicles
was no longer observed after 12 hr (Figure 3A), and the LAMP1+
signals had become diffuse (Figure 3A). These findings suggest
that poly IC leaked from the lysosome to the cytosol. Next, we
stained GM-DCs with acridine orange, a dye that shows green
fluorescence in a monomeric state but red fluorescence when
it is highly concentrated in acidic compartments and forms dim-
mers (Halle et al., 2008; Hornung et al., 2008). We found that poly
IC stimulation led to decreased red fluorescence in both control
and IPS-1-deficient GM-DCs (Figure 3B), suggesting that poly IC
internalization induces lysosome destabilization. Moreover, pre-
treatment with bafilomycin, an inhibitor of lysosomal acidifica-
tion, abrogated poly IC-induced IFN-b and IL-6 production but
did not influence LPS-induced IL-6 production (Figure 3C), sug-720 Immunity 38, 717–728, April 18, 2013 ª2013 Elsevier Inc.gesting that lysosomal destabilization is responsible for the
release of poly IC to the cytoplasm and the activation of the
RLR-dependent pathway. In addition, piceatannol abrogated
the lysosomal destabilization induced by poly IC (Figure 3D),
suggesting that Syk activation occurs before lysosomal
destabilization.
Cathepsin D Is Released to the Cytoplasm after Poly IC
Stimulation and Interacts with IPS-1
To identify IPS-1-interacting proteins, we carried out a yeast
two-hybrid screen of human lung complementary DNA (cDNA)
libraries using human IPS-1 as bait. From a screen of 5 3 105
transformants, 136 clones were identified as positive. Two of
these clones encoded portions of cathepsin D (amino acids
742–1372 and 1333–1372), a member of the lysosomal aspartic
proteases (Colbert et al., 2009). We examined the interaction of
IPS-1 with cathepsin D in coimmunoprecipitation experiments
using epitope-tagged proteins expressed after transient trans-
fection into HEK293 cells. Flag-IPS-1 was coimmunoprecipi-
tated with Myc antibody in cells coexpressing Myc-Cathepsin
D (Figure 4A). Consistent with our previous report, Flag-IPS-1
was coprecipitated with Myc-FADD but not with Myc-TBK1.
The finding that poly IC induced a loss of lysosomal integrity
prompted us to investigate whether cathepsin D is released
from the lysosome to the cytoplasm in response to poly IC. In un-
stimulated GM-DCs, cathepsin D was localized in cytoplasmic
Figure 4. Cathepsin D Interacts with IPS-1
(A) HEK293 cells were transiently cotransfected
with Flag-IPS-1 and with Myc-cathepsin D (Cat D),
Myc-FADD, or Myc-TBK1. Cell lysates were
immunoprecipitated (IP) with Myc or Flag antibody
followed by immunoblotting (IB) with Myc or Flag
antibody.
(B and C) GM-DCs stimulated with poly IC or LPS
were stained with Cat D and LAMP1 antibody (B) or
Cat D antibody (C). The cells were visualized by
microscopy. The scale bar represents 5 mm.
(D) The percentages of WT or KO GM-DCs stimu-
lated with poly IC or LPS displaying cytosolic
localization of Cat D were calculated.
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Cathepsin D and IPS-1 Mediate Cell Death of DCsvesicles with dot-like structures, which were merged with
LAMP1+ vesicles (Figure 4B, top). Poly IC stimulation caused
the translocation of cathepsin D to the cytoplasm (Figure 4B,
bottom), which was also observed in IPS-1-deficient GM-DCs
(Figure 4C). In contrast, LPS stimulation failed to induce the
release of cathepsin D to the cytoplasm (Figures 4C and 4D).
Immunoblot analyses with cell lysates of isolated lysosomes
from GM-DCs demonstrated that poly IC stimulation decreased
the amount of lysosomal cathepsin D in both WT and IPS-1-
deficient cells (Figure S2A). Release of cathepsin D from
lysosomes to the cytoplasm was also observed in CD11bhi
CD24lo DCs stimulated with poly IC (Figure S2B). In contrast,
the release of cathepsin D was reduced in CD11bloCD24hi DCs
in comparison toGM-DCs andCD11bhiCD24lo DCs (Figure S2B).
We also found that a portion of cathepsin D was colocalized
with IPS-1 in mitochondria after poly IC stimulation in GM-DCs
(Figure S2C), indicating the interaction between cathepsin D
and IPS-1.
Cathepsin D Mediates Caspase 8 Processing and the
Activation of NF-kB
Next, we used an inhibitor of cathepsin D. Pretreatment of GM-
DCs with pepstatin A (Pep A), an inhibitor of aspartic proteinases
such as cathepsin D, cathepsin E, and pepsin, partially, but
significantly, abrogated poly IC-induced production of IFN-b
and IL-6 (Figure 5A), whereas inhibitors of other cathepsins,
such as cathepsin B and cathepsin L, had no effect. Pep A didImmunity 38, 717–not influence LPS-induced IL-6 produc-
tion (Figure 5A). In addition, knockdown
of cathepsin D, but not of cathepsin B
and cathepsin L, in GM-DCs (Figure S3A)
significantly suppressed poly IC-induced
production of IFN-b and IL-6 (Figure S3B),
whereas it had no effect on LPS-induced
IL-6 production (Figure S3C). IFN-g pro-
duction by CD4+ T cells derived from
OT-II mice that were cocultured with
OVA-loaded GM-DCs stimulated with
poly IC was also decreased by Pep A pre-
treatment (Figure 5B). Similarly, Pep A
pretreatment decreased IFN-g production
by CD4+ T cells from OT-II mice cocul-
tured with CD11bhiCD24lo DCs but did
not influence IFN-g production in CD8+T cells from OT-I mice cocultured with CD11bloCD24hi DCs
(Figure S3D).
Previously, we demonstrated that caspase 8 is involved in NF-
kB activation downstream of IPS-1 in HEK293 cells (Takahashi
et al., 2006). Poly IC transfection triggered the self-processing
of caspase 8, which was required for the activation of NF-kB.
Notably, the death effector domains (DEDs), rather than the cas-
pase domain, mediated NF-kB activation. Furthermore, it was
reported that caspase 8 is cleaved by cathepsin D at Leu237
within the p18 large subunit, at Met383 in the linker region be-
tween the p18 and p10 small subunit, and at Leu443 within the
p10 subunit (Conus et al., 2008; Conus et al., 2012) (Figure S3E).
On the basis of these findings, we determined the cleavage sites
of caspase 8 by cathepsin D. We overexpressed Flag-caspase 8
with cathepsin D into HEK293 cells and found that Flag antibody
detected two bands at the size of 43 and 30 kDa, as expected
(Figure S3F), in the presence of cathepsin D, which were abro-
gated by themutation of L237A,M383A, and L443A (Figure S3F),
suggesting that cathepsin D targets these sites for cleavage. The
30 kDa band, which is most likely to correspond to aa 1-237, was
abrogated by L237A mutation (Figure S3F).
Next, we investigated whether cathepsin D-mediated cleav-
age of caspase 8 affects NF-kB activity. Our reporter assay
indicated that overexpression of either caspase 8 or cathepsin
D in HEK293 cells did not cause NF-kB promoter activation,
whereas coexpression of both proteins dramatically enhanced
NF-kB promoter activity (Figure 5C). This enhancement was728, April 18, 2013 ª2013 Elsevier Inc. 721
Figure 5. Cathepsin D Cleaves Caspase 8 and Facilitates NF-kB Activation
(A) GM-DCs pretreated with 10 mM Pep A, CA-074Me (Cat B inh), or Z-FF-fmk (Cat L inh) were stimulated with poly IC or LPS and analyzed for IFN-b and IL-6
production by ELISA.
(B) GM-DCs pretreated with Pep A were cocultured with OT-II mouse-derived CD4+ T cells in the presence of OVA and poly IC and analyzed for IFN-g production
by ELISA.
(C)HEK293cellswere cotransfectedwith the indicatedcombinations of Flag-caspase8 full-length (C8FL), Flag-caspase 8L237A (C8L237A), or Flag-caspase8aa
1-237 (C8 1-237) and Flag-Cat D alongwith the reporter plasmid driven byNF-kBpromoter. The cells were analyzed for promoter activity by a reporter gene assay.
(D) GM-DCs were transiently transfected with NF-kB or IFN-b promoter reporter plasmids along with Flag-empty or Flag-caspase 8 L237A (C8 L237A). After poly
IC stimulation, the cells were analyzed for NF-kB or IFN-b promoter activity by a reporter assay. Data represent mean ± SD (n = 3) (A–D).
(E and F) WT or KO GM-DCs (E) or GM-DCs pretreated with Pep A (F) were stimulated with poly IC. Cell lysates were blotted with caspase 8 antibody.
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Cathepsin D and IPS-1 Mediate Cell Death of DCsnot observed in cells coexpressing caspase 8 L237A and
cathepsin D. Notably, overexpression of a deletion mutant of
caspase 8 encoding aa 1-237, which contains DEDs and a part
of the p18 domain, induced NF-kB activation regardless of
cathepsin D expression (Figure 5C). Furthermore, overexpres-
sion of caspase 8 L237A into GM-DCs significantly prevented
poly IC-induced NF-kB, but not IFN-b, promoter activity (Fig-
ure 5D). These findings suggest that cathepsin D-mediated
cleavage of caspase 8 at Leu237 is required for the activation
of NF-kB. Cleavage of endogenous caspase 8 was also
observed in GM-DCs stimulated with poly IC (Figure 5E). In
contrast, poly IC-induced caspase 8 cleavage was impaired by
IPS-1 deficiency (Figure 5E). Notably, Pep A treatment abro-
gated the poly IC-induced caspase 8 cleavage (Figure 5F).
Thus, these findings suggest that cathepsin D mediates the acti-
vation of NF-kB through the processing of caspase 8.
Poly IC Induces Cell Death in a Cathepsin D- and
IPS-1-Dependent Manner
We found that poly IC stimulation increased the cell populations
that were positive for both Annexin V and propidium iodide (PI)
(Figure 6A, top), suggesting that it induces necroptosis. In
contrast, this type of cell death was impaired in IPS-1-deficient
GM-DCs (Figure 6A, bottom). Pep A treatment or cathepsin D
knockdown abrogated the poly IC-induced cell death (Figure 6B,
left, and Figure 6C). Moreover, microscopy analysis demon-
strated that poly IC-stimulated GM-DCs were positive for both
Annexin V and ethidium homodimer III (EthD-III), which is a
nucleic acid probe known to identify necrotic cells (Figure 6D).722 Immunity 38, 717–728, April 18, 2013 ª2013 Elsevier Inc.In contrast, cells costimulated with tumor necrosis factor a
(TNF-a) and cycloheximide (CHX) were Annexin V positive and
EthD-III negative (Figure 6D). It is noted that TNF-CHX-
stimulated cells showed membrane blebbing, a feature of
apoptosis, but this morphological change was not observed in
poly IC-stimulated cells (Figure 6D, top and bottom). Further-
more, electron microscopy analysis demonstrated that poly IC-
stimulated GM-DCs exhibited increased cell volume, swelling
of organelles, and the appearance of translucent cytoplasm (Fig-
ure 6E), suggesting necrosis-like cell death. Thus, poly IC in-
duces necrosis-like cell death of GM-DCs rather than apoptosis.
The kinase RIP-1 was reported to regulate necroptosis in
signaling from TNF receptors as well as during virus infection
(Mocarski et al., 2012; Vandenabeele et al., 2010a). We found
that pretreatment of GM-DCs with necrostatin 1 (Nec-1), an in-
hibitor of RIP-1 kinase activity, reduced the ratio of cell popula-
tion for Annexin V+ and PI+ (Figure 6B, left). It was reported
that Nec-1 can also inhibit RIP-1-mediated apoptosis in certain
condition (Tenev et al., 2011). However, Nec-1 pretreatment
did not influence the ratio of apoptotic cells (Annexin V+ PI) (Fig-
ure 6B, right). In contrast, pretreatment with z-VAD-fmk, a pan-
caspase inhibitor, reduced the ratio of Annexin V+ PI apoptotic
cells but increased Annexin V+ PI+ necrotic cells (Figure S4A),
similar to the case of cell death induced by TNFR, TLR3, or eto-
poside (Feoktistova et al., 2011; Holler et al., 2000; Tenev et al.,
2011). Therefore, these findings suggest that most cell death
induced by poly IC is RIP-1-dependent necroptosis; neverthe-
less, it contains a small portion of apoptosis. Next, we examined
the involvement of RIP-3, a downstream factor of RIP-1 during
Figure 6. Poly IC-Induced Necroptosis of GM-DCs Depends on IPS-1 and Cathepsin D
(A–C) WT or KO GM-DCs (A) and GM-DCs treated with Pep A, Nec-1 (B), or the indicated siRNAs (C) were stimulated with poly IC for 4 (A) or 24 (A–C) hr. The cells
were stained with FITC- Annexin V antibody and PI. The population of dead cells was analyzed by flow cytometry. Data represent mean ± SD (n = 3).
(D) GM-DCs stimulated with poly IC or 20 ng/ml TNF-a plus 10 mg/ml CHX were stained with Annexin V-FITC and EthD-III. The cells were visualized by
microscopy. The scale bar represents 20 mm.
(E) Electron micrographs of GM-DCs cultured in the absence or presence of poly IC. The scale bar represents 5 mm.
(F) WT or KO GM-DCs were stimulated with poly IC for the indicated periods. Cell lysates were immunoprecipitated with RIP-1 antibody followed by blotting with
RIP-1 or K63-linked ubiquitin antibody.
(G) Cell lysates prepared from GM-DCs stimulated with poly IC were immunoprecipitated with IPS-1 antibody and immunoblotted with RIP-1 antibody (upper).
Whole-cell lysates (WCL) were immunoblotted with RIP-1 (middle) or IPS-1 (lower) antibody.
(H) HEK293 cells were transiently cotransfected with Flag-RIP-1 and Myc-Cat D as indicated. Cell lysates were immunoprecipitated with Flag or Myc antibody
and immunoblotted with Flag, K63-linked ubiquitin, or Myc antibody.
(I) Amitochondria fraction isolated fromGM-DCs stimulated with or without poly ICwas subjected to immunoblot with the indicated antibodies. *, high-molecular-
weight bands (F and G); arrow, band of RIP-1 (F, G, and H).
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Cathepsin D and IPS-1 Mediate Cell Death of DCsTNFR- or TLR3-induced necroptosis (Cho et al., 2009; Feoktis-
tova et al., 2011), in poly IC-stimulated cells. Knockdown of
RIP-3 in GM-DCs reduced the ratio of Annexin V+ PI+ cells in a
manner similar to cathepsin D knockdown (Figures 6C and
S4B), suggesting that poly IC-induced cell death is mediated
by the RIP-1-RIP-3 axis.
Next, we addressed the viability of GM-DCs after poly IC stim-
ulation by measuring intracellular ATP levels (Figure S4C). Poly
IC stimulation reduced the amount of intracellular ATP (Fig-
ure S4C), and pretreatment with Pep A or Nec-1 only partially
rescued cell survival. Moreover, cotreatment with Pep A and
Nec-1 significantly rescued the cells, but the rescue was notcomplete (Figure S4C). This result suggests that unknown
factors, such as other lysosomal hydrolases leaked to the cyto-
plasm, may participate in facilitating cell death.
Then, we assessed whether RIP-1 is involved in the IPS-1-
dependent pathway. We found that RIP-1 antibody detected
smeared bands in the poly IC-stimulated cells (Figure 6F), sug-
gesting that poly IC stimulation induces RIP-1 modifications.
Immunoblot analysis with K63-linked ubiquitin antibody revealed
that poly IC stimulation increased the ubiquitination of the RIP-1
antibody immunoprecipitates (Figure 6F, bottom), indicating that
RIP-1 is activated by poly IC. RIP-1 ubiquitinationwas abrogated
in IPS-1-deficient cells (Figure 6F). Furthermore, RIP-1 wasImmunity 38, 717–728, April 18, 2013 ª2013 Elsevier Inc. 723
Figure 7. HMGB1 Enhances Responses to Poly IC
(A) GM-DCs with or without Nec-1 pretreatment were stimulated with poly IC. The concentrations of IFN-b (left panel) and IL-6 (right panel) in the culture
supernatants were measured by ELISA.
(B) WT or KO GM-DCs were stimulated with poly IC, and the concentrations of HMGB1 in the culture supernatants were measured by ELISA.
(C) WT or KO mice were intraperitoneally injected with poly IC (250 mg/head). After 16 hr, the concentrations of HMGB1 in their sera were measured by ELISA.
(D and E) GM-DCs pretreated with Pep A (D) or Nec-1 (E) were stimulated with poly IC and analyzed for HMGB1 production by ELISA.
(F) WT or KO GM-DCs were stimulated with poly IC and recombinant HMGB1 at the indicated concentrations and analyzed for IFN-b production by ELISA.
(G) GM-DCs were cocultured with OT-II mouse-derived CD4+ T cells in the presence of OVA and poly IC and 50 mg/ml recombinant HMGB1 and analyzed for
IFN-g production by ELISA.
(H) Recombinant HMGB1 was incubated with streptavidin beads (lane 2) or streptavidin beads with biotinylated poly IC (lane 3). The bound proteins were
analyzed by immunoblotting with HMGB1 antibody.
(I) GM-DCs pretreated with 20, 50, or 100 mg/ml of HMGB1 antibody (lane 3–lane 5) were stimulated with poly IC. The concentrations of IFN-b in the culture
supernatants were measured by ELISA. Data represent mean ± SD (n = 3) (A–G and I).
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prepared from poly IC-stimulated GM-DCs (Figure 6G, top). In
addition, overexpression of cathepsin D in HEK293 cells
increased the K63-linked ubiquitination of RIP-1 (Figure 6H),
which is required for RIP-1-mediated signaling pathways, such
as NF-kB or IRF3 activity (Roth and Ruland, 2011; Vandenabeele
et al., 2010a), suggesting that cathepsin D facilitates RIP-1
activation.
To further study whether cathepsin D, caspase 8, and RIP-1
form a complex with IPS-1, we isolated mitochondria fractions
of GM-DCs and found that IPS-1 was constitutively localized
to mitochondria and caspase 8, RIP-1, and cathepsin D were
recruited to mitochondria in response to poly IC stimulation
(Figure 6I). Notably, after 24 hr stimulation, caspase 8 was disso-
ciated from mitochondria or degraded, unlike RIP-1 and
cathepsin D, which were localized to mitochondria.
HMGB1 Enhances Poly IC-Induced IFNb Production
We found that Nec-1 treatment of GM-DCs decreased poly IC-
induced IFN-b, but not IL-6, production (Figure 7A). Therefore,
we postulated that poly IC stimulation induces the release of
endogenous molecules that are responsible for enhancing
IFN-b production. We found that HMGB1 was released into the
culture supernatant of GM-DCs stimulated with poly IC and
that this effect was abrogated by IPS-1-deficiency (Figure 7B).
Furthermore, the serum HMGB1 level was increased after intra-
peritoneal injection of poly IC into WT, but not IPS-1-deficient,724 Immunity 38, 717–728, April 18, 2013 ª2013 Elsevier Inc.mice (Figure 7C). Poly IC-induced production of HMGB1 by
GM-DCs was suppressed by treatment with Pep A (Figure 7D)
or Nec-1 (Figure 7E). Moreover, knockdown of cathepsin D or
RIP-3 also reduced poly IC-induced HMGB1 release (Fig-
ure S5A). These findings strongly suggest that poly IC-induced
necroptosis is linked to the production of HMGB1 as well as
IFN-b.
Then, we then examined whether HMGB1 influences poly
IC-induced IFN-b production. We stimulated GM-DCs with
poly IC along with recombinant HMGB1 and measured the level
of IFN-b. The poly IC-induced production of IFNb by GM-DCs
was significantly augmented by costimulation with HMGB1 in a
dose-dependent manner (Figure 7F). In addition, HMGB1
increased the enhancing effects of poly IC on IFN-g production
by splenic CD4+ T cells (Figure 7G). In contrast to HMGB1,
augmented production of IFN-b was not observed when cells
were costimulated with recombinant heat-shock protein70,
oxidized low-density lipoprotein, acetylated low-density lipopro-
tein, or maleimide-activated BSA (Figure S5B). Enhancing
effects of HMGB1 on poly IC-induced IFN-b production were
also observed in GM-DCs lacking bothMyD88 and TRIF in which
TLR-mediated signaling was abrogated (Figure S5C), suggest-
ing that this enhancement is TLR-independent.
These findings suggest the possibility that poly IC and HMGB1
form a complex that is responsible for enhanced IFN-b produc-
tion. Recombinant HMGB1 was precipitated with biotinylated
poly IC (Figure 7H). Moreover, extracellular HMGB1 released
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also precipitated with poly IC (Figure S5D). Then, we used a
blocking antibody against HMGB1 to investigate whether
HMGB1 plays a role in poly IC-induced IFN-b production under
physiological conditions. The HMGB1 antibody used has been
shown to inhibit binding to nucleic acids and abrogate inflamma-
tory activity of HMGB1 (Li et al., 2003; Ueno et al., 2004). This
antibody also blocked the interaction between recombinant
HMGB1 and poly IC (Figure S5E). Treatment with the antibody
significantly suppressed the poly IC-induced IFN-b production
in GM-DCs (Figure 7I), suggesting that HMGB1 is indeed
involved in the acceleration of poly IC-induced IFN-b production.
DISCUSSION
Here, we found that poly IC was preferentially recognized
through RLRs rather than TLR3 in GM-DCs and CD11bhiCD24lo
DCs. The activation of an IPS-1-dependent pathway in these
cells required the uptake of poly IC and the activation of Syk,
suggesting that these cells express an uptake receptor for poly
IC coupled to Syk activation. Currently, CD14, scavenger recep-
tor class-A, and raftlin have been implicated in poly IC recogni-
tion (DeWitte-Orr et al., 2010; Lee et al., 2006; Limmon et al.,
2008; Watanabe et al., 2011), suggesting the involvement of
these receptors in poly IC uptake. Although it remains unclear
how extracellular poly IC gains access to cytosolic RLRs, it is
possible that the retention of poly IC in the lysosome may trigger
a loss of lysosomal integrity and cause the translocation of poly
IC to the cytoplasm in order for engagement with RLRs.
In association with the lysosomal destabilization induced by
poly IC, lysosomal components such as cathepsin D were
released to the cytoplasm. Cathepsins are lysosomal hydrolases
that have numerous physiological functions, such as roles in
antigen processing, protein degradation, cell death execution,
TLR signaling, and inflammasome activation (Conus and Simon,
2010). The cathepsin family consists of cysteine proteases, such
as cathepsin B, cathepsin C, and cathepsin L, and aspartic
proteases, such as cathepsin D and cathepsin E (Colbert et al.,
2009; Conus and Simon, 2010). Whereas cathepsin B mediates
cell death and inflammasome activation (Halle et al., 2008;
Hentze et al., 2003; Hornung et al., 2008), cathepsin L and
cathepsin S are upregulated after LPS or dsRNA stimulation
and are important in TLR signaling (Creasy and McCoy, 2011).
We showed that cathepsin D interacts with IPS-1 and modulates
downstream signaling pathways. A cathepsin D inhibitor or
knockdown depressed poly IC-induced cytokine production in
GM-DCs. Furthermore, our results suggest that cathepsin D
mediates the cleavage of caspase 8. Notably, cathepsin D
overexpression, along with WT caspase 8, but not L237A, mark-
edly enhanced NF-kB promoter activity, and the transient over-
expression of caspase 8 L237A repressed poly IC-induced
NF-kB activity. Thus, cathepsin D-mediated cleavage of cas-
pase 8 is likely to enhance NF-kB activation.
IPS-1 is localized to mitochondria (Belgnaoui et al., 2011;
Yoneyama and Fujita, 2010). In contrast, cathepsin D was local-
ized to the cytoplasm with a diffuse pattern after poly IC stimula-
tion, and part of the cathepsin D was colocalized with IPS-1,
suggesting that part of the released cathepsin D may engage
with IPS-1 at the mitochondria. Cathepsin D has been shownto play critical roles in the activation of the inflammasome in
human macrophages during virus infection (Rintahaka et al.,
2011). Cathepsin D is released into the cytoplasm and induces
IL-18 production through the ASC-containing inflammasome. It
was also reported that inflammasome activation by dsRNA
requires RIG-I but not IPS-1 (Poeck et al., 2010; Yu and Levine,
2011). Therefore, cathepsin D may also influence RIG-I-
mediated inflammasome activation.
During virus infection, IPS-1 induces the recruitment of RIP-1,
caspase 8, and RIG-I to mitochondria in fibroblast cells (Roth
and Ruland, 2011). Virus infection increases RIP-1 ubiquitination
in order to stabilize the assembly of this complex. Caspase 8
cleaves polyubiquitinated RIP-1, leading to the destabilization
of the complex and subsequent downregulation of the inflamma-
tory responses. In our study, poly IC stimulation of DCs induced
the recruitment of caspase 8, RIP-1 and cathepsin D to mito-
chondria. Intriguingly, caspase 8 was dissociated from mito-
chondria within 24 hr, whereas RIP-1 and cathepsin D were still
localized to mitochondria. Necroptosis can occur when caspase
8 is inactivated or eliminated (Gu¨nther et al., 2011; Holler et al.,
2000; Kaiser et al., 2011), suggesting that caspase 8 negatively
regulates necroptosis, probably by cleaving RIP-1 and/or RIP-
3 (Feng et al., 2007; Feoktistova et al., 2011; Lin et al., 1999;
Oberst et al., 2011; Rajput et al., 2011). Thus, in GM-DCs,
IPS-1 may function as a scaffold that mediates the assembly
of cathepsin D, caspase 8, and RIP-1 at mitochondria, and,
within this complex, cathepsin D cleaves caspase 8 and dissoci-
ates it from mitochondria. Caspase 8 dissociation may result in
increased RIP-1 ubiquitination and induction of necroptosis.
Although the mechanisms by which RIP-1 initiates necroptosis
remain unclear, deubiquitination of RIP-1 by deubiquitinases
such as A20, which is induced by NF-kB (Declercq et al.,
2009), may be involved.
Inhibitory effects of Pep A on poly IC-induced necroptosis
were partial in comparison to those in IPS-1-deficient cells, sug-
gesting the possibility that other lysosomal proteins are involved
in cell death induction. However, inhibitor III, which inhibits
cathepsin B, cathepsin L, cathepsin K, and papain, failed to
inhibit necroptosis (data not shown). By contrast, it is notable
that a combination of Pep A and inhibitor III reduced more effec-
tively than Pep A alone (data not shown). Therefore, cathepsin D
plays a central role in poly IC-induced necroptosis, but it is
conceivable that other lysosomal proteases that are inhibited
by inhibitor III operate with cathepsin D to facilitate necroptosis.
It was reported that TLR3 also promotes necroptosis through
the recruitment of RIP-1 to TRIF during dsRNA stimulation (Feok-
tistova et al., 2011). Furthermore, we found that poly IC-induced
IFN-b production in splenic CD8a+ DCs and CD11bloCD24hi
cells, which express TLR3, was mainly dependent on the
TLR3-TRIF axis. Thus, in CD8a+ DCs, the incorporated poly IC
is preferentially recognized in endosomes by TLR3. However,
cathepsin D translocation into the cytoplasm upon poly IC stim-
ulation was defective in CD8a+ DCs. Thus, unlike TLR3-
mediated necroptosis initiated within endosomes, the initiation
of RLR-dependent necroptosis requires lysosome rupture and
the subsequent release of cathepsin D into the cytoplasm.
HMGB1 is a highly conserved nuclear protein, but it is released
by dying cells or secreted by activated cells in a similarmanner to
inflammatory cytokines (Jiang et al., 2007; Jiang and Pisetsky,Immunity 38, 717–728, April 18, 2013 ª2013 Elsevier Inc. 725
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the maturation of DCs as well as the proliferation, survival, and
polarization of naive CD4+ T cells (Dumitriu et al., 2005; Messmer
et al., 2004). We found that HMGB1 had an ability to enhance
poly IC-mediated type I IFN and Th1 cell responses. Type I IFN
was reported to accelerate DC maturation and cause Th1 cell
polarization during virus infection or the administration of poly
IC (Longhi et al., 2009), and IPS-1 is essential for type I IFN pro-
duction in vivo following poly IC administration. Therefore, both
type I IFN and HMGB1 cooperatively exert the adjuvanticity of
poly IC. We also found that HMGB1 binds to poly IC in vitro,
and that blockade of the HMGB1-poly IC heterocomplex by
HMGB1 antibody significantly suppressed poly IC-induced
IFN-b-production, suggesting that the formation of this complex
facilitates IFN-b production by poly IC. HMGB1 was reported to
interact with foreign DNA and poly IC (Yanai et al., 2009). Thus, it
is possible that HMGB1 binding may accelerate the delivery of
poly IC to the cytoplasm to encounter RLRs. Alternatively,
signaling through HMGB1 receptors, such as RAGE, TLR2,
TLR4, or TLR9, may enhance the IPS-1-dependent pathway.
However, the HMGB1-mediated enhancement of poly IC-
induced IFN-b production occurred independently of TLR
signaling. Furthermore, synthetic peptides corresponding to
box A of HMGB1, which prevents interactions between
HMGB1 and RAGE (Yang et al., 2004), did not influence the
poly IC-induced IFN-b production (data not shown), suggesting
that signaling via TLRs and RAGE is unlikely to be involved.
It remains unclear how poly IC induces the activation of DCs in
which cathepsin D-dependent necroptotic signal is initiated. We
found that the ratio of Annexin V+ and PI+ cells induced by poly IC
was less than 8%, although around 80% GM-DCs showed
cathepsin D release, suggesting that at least two functionally
different subpopulations that are susceptible or resistant to cell
death are present in GM-DCs. A large number of GM-DCs surviv-
ing after poly IC stimulation may have defects in inducing nec-
roptosis, such as low expression of RIP-1, RIP-3, or other down-
stream factors involved in necroptosis induction. These DCs are
likely to engulf HMGB1-poly IC complexes to further induce type
I IFN production, which is indispensable for DC maturation and
enhancement of CD4+ Th1 immunity (Longhi et al., 2009). These
different subpopulations need to be characterized to further
understand the adjuvant effects of poly IC in the future.
In conclusion, our findings suggest that necroptosis of a small
number of DCs represents a potential mechanism that increases
the adjuvant efficacy of poly IC. Thus, agonists for PRRs with the
ability to induce necroptosis may have relevance for increasing
the duration of the adjuvanticity, which could be therapeutically
useful against various diseases, including virus infection and
tumors. Conversely, aberrant type I IFN production is observed
in various autoimmune diseases, such as lupus, suggesting the
possibility that endogenous danger signals may be involved in
maintaining type I IFN in these diseases. This issue will also be
investigated in the future.EXPERIMENTAL PROCEDURES
Mice
IPS-1-deficient (Mavs/) mice were as described previously (Kumar et al.,
2006). OT-II transgenic mice (C57BL/6) were provided by W.R. Heath (Depart-726 Immunity 38, 717–728, April 18, 2013 ª2013 Elsevier Inc.ment of Microbiology and Immunology, University of Melbourne, Parkville,
Victoria, Australia). The mice were bred and maintained in a specific-
pathogen-free facility at the Research Institute for Microbial Diseases in
accordance with the specifications of the Association for Assessment and
Accreditation of Laboratory Animal Care and used for experiments at
8–16 weeks of age. All mouse protocols were approved by the Osaka
University Animal Care and Use Committee.
Cells
HEK293, GM-DCs, and FL-DCs were prepared and cultured as described pre-
viously (Kumar et al., 2006). CD8a+ DCs were isolated by positive selection
with the use of CD8a-labeled MACS beads (Miltenyi Biotec). CD8a DCs
were further isolated from CD8a cells with the use of CD11c-labeled MACS
beads. Naive CD4+ T cells were separated from mouse spleens with the use
of MACS beads.
Reagents and Plasmids
A detailed account of reagent and plasmid experiments can be found in
Supplemental Experimental Procedures.
Reporter Assay, Immunoprecipitation, and Immunoblot Analysis
A detailed account of reporter assay, immunoprecipitation, and immunoblot
analysis can be found in Supplemental Experimental Procedures.
Quantitative Real-Time PCR
Total RNA was isolated with the TRIzol reagent (Invitrogen) and reverse tran-
scribed with ReverTra Ace qPCR RT Kit (Toyobo). Quantitative PCR analysis
was performed using a 7500 Real-Time PCR System (Applied Biosystems)
with Real-Time PCR Master Mix (Toyobo) and TaqMan probes for IFN-b and
IL-12p40 (Applied Biosystems). Primers for 18 s rRNAwere used as an internal
control.
ELISA
The culture supernatants of cells seeded on 96-well plates (23 105 cells/well)
were collected and analyzed for their cytokine levels by ELISA.
Immunofluorescence
Cells cultured on coverslips were fixed with 4% paraformaldehyde for 20 min,
permeabilized with 0.1% saponin, and blocked with 10% fetal bovine serum.
The cells were then incubated with primary antibodies followed by Alexa Fluor-
conjugated secondary antibodies. The cells were analyzed with a Keyence
BZ-9000 microscope.
Th Cell Response
OT-II transgenic CD4+ T cells (13 105) were cocultured with GM-DCs (13 105)
pulsed with OVA protein (100 mg/ml) in the presence or absence of poly IC or
CpG DNA. After 4 days, IFN-g production in the culture supernatants was
analyzed by ELISA.
Flow Cytometry
Cells were incubated with acridine orange (1 mg/ml) for 15 min, washed three
times, and stimulated with poly IC. Lysosomal rupture was assessed by flow
cytometry as loss of emission at 600–650 nm. For cell-death analyses, GM-
DCs pretreated with 10 mM Pep A or 50 mM Nec-1 were stimulated with poly
IC and stained with Annexin V and PI (FITC Annexin V Apoptosis Detection
Kit I; BD Biosciences) followed by FACS analysis. Flow cytometry was per-
formed with a FACSCalibur flow cytometer (Becton Dickinson), and the data
were analyzed with FlowJo (Tree Star).
Mitochondria Isolation
Mitochondria were isolated from GM-DCs with the use of a Mitochondria
Isolation Kit (Thermo Scientific).
Electron Microscopy
Cells were fixed in 2% formaldehyde and 2% glutaraldehyde. After washing
with 0.1 M phosphate buffer (pH 7.4), cells were fixed in 1% (W/V) OsO4,
dehydrated in a graded series of ethanol, and embedded in Epon 812. Thin
sections prepared from resin-embedded sampleswere stained with 2% uranyl
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Cathepsin D and IPS-1 Mediate Cell Death of DCsacetate followed by Reynold’s lead citrate. The electron micrographs were
taken with an H-7650 electron microscope (Hitachi) and operated at an accel-
eration voltage of 80 kV.
Statistical Analysis
Differences were analyzed for statistical significance with a Student’s t test.
Values of p < 0.05 were considered significant.
SUPPLEMENTAL INFORMATION
Supplemental Information contains Supplemental Experimental Procedures
and five figures and can be found with this article online at http://dx.doi.org/
10.1016/j.immuni.2012.12.007.
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